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Efficient interconversion of both classical and quantum information between microwave and opti-
cal frequency is an important engineering challenge. The optomechanical approach with gigahertz-
frequency mechanical devices has the potential to be extremely efficient due to the large optomechan-
ical response of common materials, and the ability to localize mechanical energy into a micron-scale
volume. However, existing demonstrations suffer from some combination of low optical quality fac-
tor, low electrical-to-mechanical transduction efficiency, and low optomechanical interaction rate.
Here we demonstrate an on-chip piezo-optomechanical transducer that systematically addresses all
these challenges to achieve nearly three orders of magnitude improvement in conversion efficiency
over previous work. Our modulator demonstrates acousto-optic modulation with Vpi = 0.02 V. We
show bidirectional conversion efficiency of 10−5 with 3.3 µW red-detuned optical pump, and 5.5%
with 323 µW blue-detuned pump. Further study of quantum transduction at millikelvin tempera-
tures is required to understand how the efficiency and added noise are affected by reduced mechanical
dissipation, thermal conductivity, and thermal capacity.
It takes energy to sufficiently change the optical prop-
erties of a device or medium to impart information onto
an optical field [1, 2]. Electro-optic devices are engineered
to minimize this energy by using low-loss optical waveg-
uides and resonators that localize the optical field in a
small volume and reduce the amount of energy it takes
to setup the electric fields needed for modulation [3, 4].
Mechanical vibrations change the local optical proper-
ties with less energy than is typically possible via the
electro-optic effect in common materials. Whereas volt-
ages corresponding to ≈ 1010 microwave photons are typ-
ically needed in the most highly optimized electro-optic
systems, only ≈ 104 microwave phonons of the same en-
ergy are needed in the best optomechanical systems [5].
However, this efficient modulation requires localization of
both optical and mechanical energy into a wavelength-
scale volume [5]. This complicates electrical driving of
this localized mechanical motion and must be addressed
by careful co-engineering of a piezo-optomechanical sys-
tem.
An energy-efficient modulator, whether electro-optic or
piezo-optomechanical, also operates as a quantum trans-
ducer between microwaves and light where a large op-
tical pump coherently and reversibly couples an opti-
cal sideband to microwave-frequency excitations [6–8].
Such transducers may one day enable quantum networks
that perform distributed quantum sensing and informa-
tion processing [9, 10]. There are many physical mech-
anisms that mediate the exchange of microwave and
optical photons [11]. Among these, as in the classi-
cal case, mechanically mediated conversion offers strong
coupling rates and low energy consumption [5, 12, 13].
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Electro-optomechanical conversion using MHz-frequency
mechanical membranes [14, 15] to mediate interactions
between a Fabry-Pe´rot cavity and a superconducting mi-
crowave resonator has been demonstrated with 47% effi-
ciency and 38 added noise photons [16]. Desire for larger
conversion rates, lower added noise, and lower heating
have motivated investigations of integrated gigahertz-
frequency devices which require less optical pump power
to operate. Several approaches using aluminum ni-
tride (AlN) [17–20], silicon [21, 22], gallium arsenide
(GaAs) [23–25], and lithium niobate (LN) [26–28] have
been pursued, but the best end-to-end conversion effi-
ciencies have remained on the order of 10−8 [19].
Efficient piezo-optomechanical modulation is challeng-
ing. The mechanical modes must be highly co-localized
with the optical resonances to achieve high optomechan-
ical interaction rates, while maintaining electrical ac-
cess to the mechanical motion. Optomechanical crys-
tals (OMC) provide a natural way to achieve the former
by implementing a simultaneous photonic-phononic crys-
tal to confine both optical and mechanical waves [29].
However, efficient electrical coupling to the micron-scale
mechanical resonances of a phononic crystal has only
recently been achieved [30, 31]. These demonstrations
leverage the high piezoelectric coefficient of lithium nio-
bate [32] and electrodes on or near the resonator to effi-
ciently couple motion to high-impedance superconduct-
ing microwave circuits. Such an approach is difficult to
integrate with photonic devices due the large optical ab-
sorption of metals, which ruins the optical quality factor
and destroys the superconductivty.
We overcome the low microwave-to-mechanical effi-
ciency of previously demonstrated lithium niobate piezo-
optomechanical crystals [27] by integrating an interdigi-
tated transducer (IDT) that excites a wavelength-scale
mechanical waveguide [33] to efficiently drive the lo-
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FIG. 1. Design of lithium niobate piezo-optomechanical transducers. a, Scanning electron micrographs (SEM) of one
piezo-optomechanical transducer. Zoomed-in SEMs show the conversion region between microwave and mechanics (red) and
between mechanics and optics (blue). The tapers between the IDT and the mechanical waveguide (dashed red) and between
the optomechanical crystal and the waveguide (dashed blue) are also shown in detail. All scale bars in zoomed-in SEMs are
2 µm. b, Finite element simulation of the IDT-to-waveguide taper (normalized displacement). c, Finite element simulations
of the OMC optical mode (transverse E component) and the leaky mechanical mode (normalized displacement). First order
longitudinal motion in the waveguide can be observed for both the IDT and the leaky OMC mechanical mode.
calized mechanical mode of the OMC. Moreover, the
phononic waveguide spatially separates the optical and
microwave circuits, an important feature in a cryogenic
setting where absorption in metals needs to be mini-
mized. We characterize the device as a classical mod-
ulator where an incoming microwave signal at the me-
chanical mode frequency modulates the optical cavity
resonance. In a separate experiment we characterize the
potential of the device as a quantum transducer, by im-
parting a laser tone red-(blue-)detuned by a mechani-
cal frequency from the optical resonance to introduce
an interaction between photons resonant with the cav-
ity and the mechanical motion of the device, which is
coupled to the external microwave channel. We demon-
strate bidirectional conversion between microwave and
optical photons with efficiency up to 10−5 (5.5%) us-
ing the red-(blue-)detuned optical pump. The integrated
piezo-optomechanical transducer is fabricated with X-
cut thin-film lithium niobate on silicon (LNOS), a mate-
rial platform demonstrated to be compatible with super-
conducting circuits and qubits [30, 31] – opening a path
for integration with quantum sensors and processors.
RESULTS
Design. An incident microwave signal on the IDT
is converted to a propagating mechanical wave in the
second-order horizontal shear mode (SH2) in the trans-
ducer region. The mechanical wave is then scattered
by the linear horn into the first-order longitudinal mode
(L1) of a 1.3 µm-wide waveguide (Fig. 1b). From finite-
element simulation and separate measurement [33], we
determine that ∼ 0.8% of the microwave power absorbed
by the IDT is converted to mechanical motion in the
waveguide, the rest of which is lost to dissipation and
clamping. From this fraction, 75% is in the L1 mode
leading to a 0.6% conversion from microwave input to me-
chanical power in the L1 mode for a perfectly matched
IDT. Phonons propagate down the waveguide and are
scattered into the guided mode of the OMC by smoothly
ramping on the OMC’s periodic modulation. Scattering
of mechanical waves from the waveguide into the local-
ized mechanical mode can be induced by breaking a sym-
metry of the structure. This occurs automatically in our
device, in contrast to previous work on silicon OMCs [34],
which required patterns that explicitly broke symmetry
3to induce scattering. This is because the lithium nio-
bate material lacks crystal symmetry along the reflection
plane of the OMC geometry [27]. We simulate a de-
cay rate γe/2pi ≈ 460 kHz using COMSOL [35], 64% of
which is converted to the L1 mode (Figure 1(c)). The
IDT pitch a ≈ 2.68 µm is chosen to match the frequen-
cies of the IDT and OMC. Since LN is anisotropic, both
the IDT and the OMC have optimal orientations where
the piezoelectric and photoelastic effects are respectively
maximized. A curved waveguide with a bending radius
of 30 µm connects the two components.
Optical photons are injected into an on-chip edge cou-
pler via a lensed fiber with coupling efficiency ηoc ∼ 65%.
This waveguide is brought in the near-field of the OMC
to allow coupling of light fields in and out of the opti-
cal resonance. The fabrication process is described in
Ref. [27, 33]. The scanning electron micrographs (SEM)
in Fig. 1 were taken before the final masked release step.
Device characterization. Figure 2(a) shows the
measurement setup used for this work. We use a vec-
tor network analyzer (VNA) to generate and read out
signals to and from the IDT (microwave input and out-
put). A commercial electro-optic modulator (EOM) is
driven by the VNA to generate the optical sideband in-
put (optical input). The light reflected from the device
containing the pump and sideband is amplified and col-
lected by a highspeed detector, which downconverts the
optical sideband to a microwave signal received by the
VNA (optical output). We measure all four scattering
parameters of this two-port setup at room temperature.
All ports are calibrated to de-embed the scattering pa-
rameters of the device.
We begin by characterizing the OMC and the IDT. A
Lorentzian response is observed when we scan a tunable
telecom laser with frequency ωp across the optical reso-
nance of the OMC at frequency ωc (Fig. 2(b)). Combined
with the optical sideband response, we extract a total op-
tical linewidth κ/2pi = 1210 ± 40 MHz and an external
coupling rate κe/2pi = 800± 30 MHz, corresponding to a
loaded quality factor Q = 1.6×105 and an intrinsic qual-
ity factor Qi = 4.7× 105. The IDT response is measured
with a calibrated microwave probe [33] and is shown in
Fig. 2(c). We achieve a peak conductance of 1.9 mS and
a bandwidth of BIDT = 3.36 MHz with direct coupling
to a 50Ω transmission line. Lastly we characterize the
mechanical mode and optomechanical coupling by ther-
mal spectroscopy and optomechanical backaction [8, 27].
A typical thermal mechanical power spectral density
(PSD) is plotted in Fig. 2(c) in red. The fundamental
mechanical breathing mode is at ωm/2pi = 1.85 GHz.
Satellite peaks are visible and indicate the coupling be-
tween the local breathing mode and mechanical waveg-
uide modes. We measure a backaction-free mechanical
linewidth γ/2pi = 1.93 MHz and an optomechanical cou-
pling rate g0/2pi = 70 kHz via the optomechanical back-
action (Supplementary Information). We note that both
γ and g0 differ significantly from the values measured in
Ref. [27] with identical OMC geometry and orientation.
We attribute these deviations to hybridization of the lo-
cal breathing mode with the waveguide modes.
Efficient acousto-optic modulation. To demon-
strate acousto-optic modulation, we drive the mechanical
mode of the OMC with a microwave tone at frequency
ωµ ∼ ωm and measure the reflection spectrum of the op-
tical mode. The coherent mechanical motion induces a
varying optical cavity frequency
ω˜c = ωc + ∆˜ωc = ωc + g0
√
nphon cosωµt, (1)
where nphon is the driven intracavity phonon number pro-
portional to the input microwave power Pµ. This phase
modulation splits the optical cavity spectrum into side-
bands at ωc ± nωµ with integer sideband index n and
relative strength determined by n and the modulation
index h ≡ g0√nphon/ωµ (Supplementary Information).
We measure the cavity reflection spectrum for different
microwave powers and frequencies.
Figure 3(a) shows the reflection spectrum versus
cavity-laser detuning ∆ = ωc − ωp and microwave power
Pµ. The phase modulation sidebands are clearly re-
solved. We empirically confirm the expected proportion-
ality between the square root of the microwave power
and the modulation index h. We show the measured
spectrum with fixed power Pµ = 7.24 µW at different
frequencies in Fig. 3(b) and extract the modulation in-
dex versus frequency in Fig. 3(c) by fitting the spec-
trum (Supplementary Information). The modulation in-
dex peaks at the mechanical mode frequency ωµ = ωm,
where the microwave power required to achieve modula-
tion index h = 1 is as low as Pµ = 0.58 µW. The com-
plex shape of the excitation spectrum in Fig. 3(c) is due
to the mismatch of the IDT and mechanical mode fre-
quencies (see Fig. 2(c)). The lower local maxima match
the IDT response and standing wave modes of the me-
chanical waveguide. The mismatch between the local me-
chanical mode frequency and the IDT frequency lowers
the peak modulation, but increases the 3 dB bandwidth
to B ∼ 10 MHz. Combining the acousto-optic modula-
tion measurement with g0 and γ, we deduce a decay rate
from the mechanical mode to the Z0 = 50Ω microwave
transmission line of γµ/2pi = 8.6 kHz and the corre-
sponding microwave-to-mechanical conversion efficiency
ηm ≡ γµ/γ = 0.44% (Supplementary Information).
An important figure of merit for a classical modulator
is the amount of driving energy required to encode one
bit of information on an optical field [3]. This generally
requires consideration of multiple aspects of a communi-
cation system. We consider a simplified thought experi-
ment, where we begin with the optical resonator prepared
initially in a coherent state |α0|2 = 1 and ask how well
can the output optical field |Ψk〉 be distinguished when
the modulator is driven to encode k = 0 or k = 1. In the
supplementary information we use the Helstrom-Holevo
bound [36] to calculate the driving energy required to
realize a bit-error-rate of 10% for different system pa-
4FPC
EOM VOA
FPC
EDFA
VNA
optical output
RSA
λ ~ 1540 nm 
microwave input 
FFP-TF
optical input PM
microwave output 
1541 1541.05 1541.1 1541.15
Wavelength (nm)
0
0.2
0.4
0.6
0.8
1
N
or
m
al
iz
ed
 re
fle
ct
io
n
1.83 1.84 1.85 1.86
Frequency (GHz)
-2
-1.5
-1
-0.5
0
ID
T 
S
11
 (d
B)
-140
-138
-136
-134
-132
M
ec
ha
ni
ca
l P
SD
 (d
Bm
/H
z)
a b c
FIG. 2. Measurement setup and separate characterizations of the IDT and the OMC. a, Schematic drawing
of the measurement setup. The optical sideband input is generated by a microwave tone from the vector network analyzer
(VNA) to the electro-optic modulator (EOM). Optical readout of the sideband is generated by a highspeed photodetector and
is sent back to the VNA. Microwave input and output of the device is directly actuated by and measured from the IDT. b,
Optical resonance of the optomechanical crystal. c, IDT response (blue) and OMC mechanical mode thermal spectroscopy
(red). Variable optical attenuator (VOA), fiber polarization controller (FPC), erbium-doped fiber amplifier (EDFA), realtime
spectrum analyzer (RSA), power meter (PM), fiber Fabry-Pe´rot tunable filter (FFP-TF).
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FIG. 3. Efficient acousto-optic modulation. a, b, A microwave signal sent to the IDT modulates the optical cavity
frequency. The reflection spectrum of the optical cavity is recorded for different microwave power (a) and frequency (b). c,
Modulation index for different microwave drive frequency, extracted from (b).
rameters (g0, ηm, κ, ωm) and find two limiting cases:
Ebit =
~ωm
4ηm
(
κ
g0
)2
for κ ωm, and (2)
Ebit =
~ωm
2ηm
(
ωm
g0
)2
for κ ωm. (3)
In our sideband-resolved system (κ < ωm), the second
equation leads to an energy-per-bit of 97 fJ. Notice that a
modulation index of h = pi is achieved with Vpi = 24 mV,
requiring and RF power Ppi = V
2
pi /2Z0 which can also be
used to estimate the energy-per-bit Ppi/(2piB) ∼ 100 fJ.
Bidirectional conversion between microwave
and optical frequency. We demonstrate microwave-
to-optical conversion by pumping the optical mode with
detuning ∆ = ±ωm using different pump powers and
measuring the microwave-to-optical scattering parame-
ter. The total conversion efficiency is defined as the ra-
tio between input microwave photon flux before the IDT
and output sideband photon flux after the light being
collected by the lensed fiber. At ∆ = ±ωm, the efficiency
is given by
ηtotal = ηocηoηm
4C
(1± C)2 , (4)
where ηoc = (65.2±0.4)% is the fiber-to-chip optical cou-
pling efficiency and ηo ≡ κe/κ = (66±1)% is the external
optical coupling efficiency. C = C0nc is the optomechan-
ical cooperativity, nc is the intracavity photon number
and C0 ≡ 4g20/(κγ) is the single-photon cooperativity.
For a red-detuned pump, the linearized optomechan-
ical interaction gives a beam-splitter interaction Hamil-
tonian for a sideband-resolved system [8]. Ideal inter-
nal quantum transduction can be achieved in principle
at the matching condition C = 1, where the maximal
efficiency equals the total external coupling efficiency
ηtotal = ηe ≡ ηocηoηm. Alternatively, a blue-detuned
optical pump leads to a two-mode squeezing Hamilto-
nian that could be utilized to generate entanglement be-
tween optical and microwave photons, required for long
range quantum communication [37, 38]. It also gives rise
to phase-conjugating amplification of input optical side-
band photons or input microwave photons with added
noise [39]. The internal gain Gint ≡ 4C/(1 − C)2 mono-
tonically increases with optomechanical cooperativity C
until the phonon lasing condition C ≥ 1, whereGint →∞
and the system no longer operates in the linear regime.
In our demonstration, we reached Gint > 1 compensating
for some, but not all of the external coupling losses ηe.
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FIG. 4. Bidirectional microwave-optical conversion. a, Conversion efficiency measured with red and blue detuned pump
laser. Upward (downward) triangles represent the microwave-to-optical (optical-to-microwave) conversion efficiencies, where the
frequency of the photon is up-converted (down-converted). The optical-to-microwave efficiency ηeo is measured with a different
setup. b, Conversion efficiency measured with relatively high power blue-detuned pump laser using same measurement setup
for ηoe and ηeo (Fig. 2(a)). c, Bidirectional scattering parameter measurement. The maximal |S|2 is shifted to the calibrated
efficiency. The Seo background is measured by sending the VNA output to a 50Ω load instead of the EOM.
We refer to the scattering parameter measurement un-
der blue-detuned pump as “efficiency” instead of “gain”
with the understanding that this is not a quantum-state-
conversion process.
We calibrate the optical detection gain using a sec-
ond calibration laser (see Supplementary Information
and also Ref. [40] for detailed description). The cal-
ibrated total microwave-to-optical conversion efficiency
ηoe is shown in Fig. 4(a) for different intracavity pho-
ton numbers. Measurements with a red-detuned pump
are limited by the thermo-optical instability [27] to intra-
cavity photon nc . 500 and a resulting total efficiency
ηoe ∼ 10−5. We measure the efficiency with a blue-
detuned pump up to nc ∼ 4×104 and fit to Eq. 4 with two
fitting parameters ηe and C0. The fit curve is plotted in
Fig. 4(a) in cyan, showing good agreement with measured
efficiencies across more than three orders of magnitude.
We extract a single-photon cooperativity C0 = 1.2×10−5
and a total external coupling efficiency ηe = 4.24× 10−4.
The deviation of measured efficiencies from the fit at high
nc can be attributed to thermally-induced redshifts of the
mechanical mode (Supplementary Information). We also
calculate C0 = 8.4 × 10−6 from independent measure-
ment of g0, κ and γ. The g0 obtained from blue-detuned
backaction measurement is possibly underestimating the
actual g0 due to thermal broadening of the mechanical
linewidth [27]. We deduce g0/2pi = 84 kHz with C0
value obtained from the efficiency measurement. After
removing the independently measured ηo and ηoc from
ηe, we calculate ηm = 9.9 × 10−4 ∼ 0.1% and the corre-
sponding γµ/2pi = 1.9 kHz, about five orders of magni-
tude increase from our previous demonstration [27]. Im-
proving the IDT-OMC mechanical frequency mismatch
of ∆f = 8.3 MHz ∼ 2.5B, would increase ηm by an order
of magnitude. We note a factor of 4.4 difference between
ηm measured from acousto-optic modulation and ηm mea-
sured from conversion efficiencies. An overestimated g0,
as well as device aging between measurements affecting
the frequency mismatch, explains this discrepancy in γµ
(Supplementary Information).
In optical-to-microwave conversion, due to the much
lower energy per photon at microwave frequency, a ∼
−50 dB reduction of the microwave signal power with
respect to optical is incurred. With sub-microwatt op-
tical sideband power, it becomes technically challenging
to keep the converted microwave power above the VNA
internal crosstalk level. We adopt a more sensitive mea-
surement scheme [22] that uses a signal generator for the
EOM input and an isolated realtime spectrum analyzer
(RSA) for sensitive detection of the microwave output.
The optical input sideband is calibrated by a fiber Fabry-
Pe´rot tunable filter (FFP-TF) and is described in detail
in Supplementary Information. The calibrated optical-
to-microwave conversion efficiencies ηeo are plotted in
Fig. 4(a) for comparison. Higher efficiencies are observed
for blue-detuned ηeo than ηoe. We attribute the differ-
ence to temperature fluctuation and device aging during
the modification of measurement setup, which could lead
to a different frequency mismatch between the OMC me-
chanical mode and a nearby waveguide mode.
To achieve bidirectional conversion measurement with
the VNA, we fix the maximal pump laser power to
∼ 300 µW limited by the setup and change the detun-
ing 2pi × 1 GHz < |∆| ≤ ωm to further increase the
intracavity photon number nc. The measured conversion
efficiencies are shown in Fig. 4(b). Reasonable agreement
between the two conversion directions is observed up to
the phonon lasing regime, with highest stable conversion
efficiency η ≈ 5.5% in the linear operation regime. The
corresponding internal gain is Gint ≈ 21 dB. Figure 4(c)
shows the measured S parameters at the highest achieved
efficiency. We obtain good agreement between optical-to-
microwave and microwave-to-optical scattering parame-
ters for both the lineshape and the peak efficiency. When
6TABLE I. Comparison of integrated piezo-optomechanical transducers. γµ is defined as the decay rate from the local
mechanical mode to the 50Ω microwave channel. Optical-to-microwave (ηeo), microwave-to-optical (ηoe) and blue-side-pump
(ηblue) efficiencies are listed separately. We note that only the demonstrations on LN platform are in the sideband-resolved
regime, and the corresponding Ebit is calculated differently (see the main text). The best quantities are highlighted in bold.
Reference: Vainsencher et
al. [19]
Balram et al.
[23, 24]
Forsch et al. [25] Jiang et al. [27] Shao et al. [28] This work
Platform: AlN GaAs GaAs (20 mK) LN LN LN
g0/2pi (Hz) 1.1× 105 1.1× 106 1.3× 106 1.2× 105 1.1× 103 8× 104
κ/2pi (Hz) 1.5× 1010 5.2× 109 5.8× 109 7.8× 108 9.5× 107 1.2× 109
γ/2pi (Hz) 5× 106 1.7× 106 2× 105 5× 105 1.3× 106 1.9× 106
C0 ≡ 4g20/(κγ) 7× 10−7 5.4× 10−4 5.9× 10−3 1.5× 10−4 4× 10−8 1.2× 10−5
ηo ≡ κe/κ 69% 23% 65% 29% 15% 66%
ηm ≡ γµ/γ ∼ 2× 10−4 3× 10−10 3.6× 10−10 1.8× 10−8 1.7× 10−1 10−3
η0 ≡ 4ηoηmC0 ∼ 3.7× 10−10 1.5× 10−13 5.5× 10−12 3× 10−12 4× 10−9 3.2× 10−8
ηint ≡ 4C/(1 + C)2 6.5× 10−3 – 7.2× 10−2 ∼ 10−2 7× 10−4 2.6× 10−2
ηeo 9× 10−8 – – – – 1.1× 10−5
ηoe 2× 10−8 – 5.5× 10−12 ∼ 10−10 – 1.1× 10−5
ηblue – – – – 1.7× 10−5 5.5× 10−2
Ppump ∼ 60µW (ηeo)
∼ 110 µW (ηoe)
– ∼ 0.5 µW ∼ 3µW 1 mW 3.3 µW (red)
323 µW (blue)
Ebit (J) 5.7× 10−11 3× 10−8 2.5× 10−8 8.1× 10−9 5.6× 10−11 9.7× 10−14
Equbit (J) 1.3× 10−6 8.3× 10−3 9.7× 10−4 1.9× 10−4 7.8× 10−9 3.5× 10−9
nc is further increased such that C > 1, we observe
phonon lasing and amplification for both input optical
sideband and input microwave signal. Operation in this
nonlinear regime will be studied in future work.
DISCUSSION
To compare existing piezo-optomechanical transduc-
ers, we summarize parameters from various demonstra-
tions in Table I. ηm and Ppump from Vainsencher et
al. [19] are estimated from their measured total efficiency,
intracavity photon number and other system parameters,
assuming a grating coupler efficiency of ∼ 20%. The ηm
from Balram et al. [23] is calculated from the measured
driven coherent phonon population. We note that Shao et
al. [28] achieved an efficiency of 17% between microwave
and mechanics, orders of magnitude higher than other
approaches but at the cost of a reduced overlap between
the optical and mechanical modes leading to a lower op-
tomechanical coupling rate g0/2pi = 1.1 kHz. They es-
timated a conversion efficiency ηblue = 1.7 × 10−5 from
their system parameters. We define the on-chip single-
pump-photon conversion efficiency as η0 ≡ 4ηoηmC0.
The transducer reported here achieved roughly one order
of magnitude higher η0 comparing to all other demonstra-
tions. The fiber-to-chip optical coupling efficiency ηoc is
a separate issue and is not explicitly included in Table I,
though it affects the total efficiency numbers.
As a modulator for classical optical fields, our device
exhibits both a Vpi and an energy-per-bit Ebit [3, 5] that
is orders of magnitude lower than previous acousto-optic
demonstrations. We use equations (2) and (3) to estimate
the energy-efficiency of a range of devices. In general, the
piezo-optomechanical devices lag significantly behind the
best electro-optic devices [41–44]. By further improving
the electrical-to-mechanical efficiency from ηm ∼ 10−3 to
closer to unity, we expect to push the classical perfor-
mance of the device deep into the sub-femtojoule regime
where performance in excess of the electro-optic systems
becomes possible. Implementing a similar approach in a
hybrid platform that integrates silicon with lithium nio-
bate [45] would allow even greater improvements by in-
creasing g0 by an order of magnitude and enabling sub-
attojoule modulation energy. Finally, we stress that the
low dissipated energies-per-bit are not directly related
to the limited mechanical bandwidth but rather mostly
as a result of the strong optomechanical interaction. The
driving bandwidth could be increased significantly by ad-
vances in OMC and IDT design for applications requiring
faster modulation while keeping a low dissipated energy-
per-bit.
For quantum transduction, each converted qubit comes
at a cost of optical pump power dissipated in the fridge
Equbit = ~ωcκκi/g20/(4ηoηm), where κi is the intrinsic
optical cavity loss rate (see Ref. [5, 46] and also the
Supplementary Information). Cooling our transducer to
cryogenic temperature would reduce material loss for the
IDT and the OMC, and may increase both ηm and C0
by more than one order of magnitude. Adding another
order of magnitude from matching IDT and OMC me-
chanical frequencies, we expect a picojoule energy-per-
qubit and more than three orders of magnitude better
efficiency to be possible, bringing the total efficiency with
7a red detuned pump up to & 1% with only ∼ 500 intra-
cavity photons and corresponding optical pump power
Ppump ≈ 3.3 µW. When the transducer is further res-
onantly coupled to a superconducting qubit/resonator
with a characteristic impedance Zc ∼ 300Ω, we estimate
the coupling rate between the qubit/resonator and the
OMC mechanical mode to be gµ =
√
γµωm ·
√
Zc/Z0/2 ∼
2pi × 2.3 MHz [27], putting us in the strong coupling
regime so long as the qubit/resonator linewidth κµ/2pi <
2.3 MHz.
In conclusion, we designed and fabricated an inte-
grated piezo-optomechanical transducer by combining an
efficient wavelength-scale mechanical waveguide trans-
ducer and an optimized optomechanical crystal on LNOS
platform. The microwave-to-mechanical conversion ef-
ficiency is increased by a factor of 105 comparing to
our previous design without severely impacting the op-
tomechanical coupling or dissipation. We demonstrated
efficient acousto-optic modulation with Vpi = 24 mV,
bidirectional conversion efficiency of 10−5 with 3.3 µW
red-detuned optical pump and 5.5% with 323µW blue-
detuned pump at room temperature. We expect our
transducers to have reduced material loss and an in-
creased efficiency at cryogenic temperature, opening up
experiments in the quantum regime between optical pho-
tons, microwave photons and phonons, and supercon-
ducting qubits [30, 31].
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Appendix A: Linearized optomechanical system with blue-detuned optical pump
In this section we derive the semi-classical theory for the linear response of an optomechanical crystal pumped on
the blue side.
Following the derivation in Ref. [47], we start by substituting the operators with relevant amplitudes,
a→ α0e−iωpt + α−e−i(ωp+ω)t + αpe−i(ωp−ω)t, (A1)
b→ β0 + β−e−iωt, (A2)
where ωp is the optical pump frequency and ω is the microwave drive frequency, either to the EOM or to the IDT.
For weak sideband amplitudes α±  α0, α0 is given by
α0 =
−√κeαin,p
i∆ + κ/2
, (A3)
where αin,p is the input optical pump amplitude. The resulting equations of motion for the sidebands are
±iωα± = −(i∆ + κ/2)α± − igα0β± −√κeαin,±, (A4)
−iωβ− = −(iωm + γ/2)β− − ig(α∗0α− + α0α∗p)−
√
γeβin,−, (A5)
β+ ≡ β∗−. (A6)
9When we pump the optical mode at the blue side with ∆ ≡ ωc−ωp ∼ −ωm and drive at frequency ω ∼ ωm, the up-
converted sideband α− is negligible for a sideband-resolved system. For microwave-to-optical (optical-to-microwave
conversion) process, αp and β− are solved as a function of input βin,− (αin,+). The converted output field is given by
αout,+ =
√
κeαp (βout,− =
√
γeβ−).
For optical sideband input and readout (βin,− = 0, αout,+ = αin,+ +
√
κeαp), we derive
Soo(ω) ≡ αout,+
αin,+
=
−κe
i(∆ + ω) + κ2 − G
2
i(ω−ωm)+γ/2
, (A7)
where G = g0|α0| = g0√nc is the effective optomechanical coupling rate. nc ≡ |α0|2 is the intracavity pump photon
number. Soo is directly measured by the VNA and normalized by a background taken with the pump laser far-detuned
from the optical mode to remove the response from electronic components. We extract the pump detuning ∆, optical
mode decay rates κ and κe from Soo. One example of the measured Soo is shown in Sec. E.
Similarly, the microwave-to-optical and optical-to-microwave conversion scattering parameters can be solved,
Soe ≡ αout,+
βin,+
=
√
κeγeig0α0
[i(∆ + ω) + κ2 ][i(ω − ωm) + γ2 ]−G2
, (A8)
Seo ≡ βout,+
αin,+
=
−√κeγeig0α∗0
[i(∆ + ω) + κ2 ][i(ω − ωm) + γ2 ]−G2
. (A9)
When the laser is locked to detuning ∆ = −ωm and the input frequency is at ω = ωm, the conversion efficiencies are
simplified to
ηoe = ηeo = |Soe|2 = |Seo|2 (A10)
=
γe
γ
κe
κ
4C
(1− C)2 , (A11)
where C = 4G2/(κγ) is the cooperativity. In contrast to the efficiency with red-side-pump η = γeγ
κe
κ
4C
(1+C)2 , the
blue-side-pump efficiency blows up at C = 1. Phonon lasing results when C ≥ 1 is achieved and the linear theory no
longer applies to the system.
In the low cooperativity limit where C  1, the conversion efficiency is approximately linear with respect to
cooperativity and thus linear with respect to nc,
ηoe = ηeo = 4C
γe
γ
κe
κ
= 4
4g20γeκe
γ2κ2
nc. (A12)
For microwave input and output, we ignore the detailed IDT response for simplicity and combine the IDT mismatch,
IDT transduction efficiency and the coupling between the mechanical waveguide and the local mechanical mode to
a single parameter γµ, defined as the mechanical decay rate from the local mechanical mode to the microwave
transmission line. In this case, βin,± can be treated as microwave input and output amplitudes, and γe is replaced by
γµ. This approximation is valid in the low microwave-to-mechanical conversion efficiency regime. A full analysis of a
coupled three-mode system shows that the peak conversion efficiency is given by [27, 48, 49]
η =
κe
κ
κc,e
κc
4CabCbc
(1± Cab + Cbc)2 , (A13)
where Cab ≡ C is the cooperativity between mode a and b, and Cbc ≡ 4g2bc/(κcγ) is the cooperativity between OMC
mechanical mode b and IDT electromechanical mode c. gbc is the coupling rate between mode b and c. κc and κc,e
are the total and external decay rate of mode c respectively. For weak coupling between b and c where Cbc  1, the
efficiency can be approximated by
η ≈ κe
κ
4g2bcκc,e/κ
2
c
γ
4Cab
(1± Cab)2 . (A14)
By defining γµ ≡ 4g2bcκc,e/κ2c , we obtain the two-mode conversion situation with an effective decay rate γµ from the
mechanical mode to the microwave transmission line. For κc,e/κc ∼ 1, the weak-coupling condition Cbc  1 translates
to γµ/γ  1, which is valid for the transducer in this work.
In the above derivation, a frequency mismatch ∆bc between the OMC mechanical mode and the IDT electrome-
chanical mode is not considered. A non-zero ∆bc modifies γµ as
γµ(∆bc) =
4g2bcκc,e
4∆2bc + κ
2
c
=
1
1 + 4∆2bc/κ
2
c
γµ(0). (A15)
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Appendix B: Energy consumption for converting one classical bit and one quantum bit
1. Encoding of classical information and relevant energy consumption
Consider encoding one bit of information onto an optical field via the optomechanical interaction where the frequency
of the optical cavity is shifted by g0 with the zero-point motion xzp of the mechanical mode. When the mechanical
motion is much slower than the dynamics of the optical cavity (ωµ  κ), the optomechanical modulation of the cavity
frequency can be approximated as quasi-static. When a coherent state is injected and reflected from the optical cavity,
a displacement that is approximately xpi = xzpκ/g0 gives a significant phase shift [5]. The corresponding mechanical
energy is
Emech =
1
2
meffω
2
mx
2
pi =
1
2
meffω
2
mx
2
zp
κ2
g20
=
~ωmκ2
4g20
. (B1)
For an imperfect conversion between microwave and mechanical energy, the energy-per-bit is given by
Ebit =
Emech
ηm
= ~ωm
κ2
4g20
1
ηm
. (B2)
In the sideband resolved regime where ωm & κ, the dynamics of the optical cavity has to be considered. For a
coherent state α0 that is initially in the cavity, the classical equation of motion is
α˙ = −
(κ
2
+ ig0
√
nphon cos(ωmt+ φ)
)
α, (B3)
where we have chosen the frame rotating at the static cavity frequency ωc. The information can be encoded in the
phase factor with φ = 0 or φ = pi. We choose this encoding method because it returns to a simple phase shift in the
optical field in the quasi-static limit ωm  κ. The time-dependent solution of the equation of motion is
α(t) = α0 exp
(
−κt
2
− ih sin(ωmt+ φ)
)
. (B4)
We have defined the modulation index h ≡ g0√nphon/ωm. The output field is given by αout(t) =
√
κα(t). We set
κe = κ for simplicity.
In a completely classical theory of electromagnetics, an arbitrarily small change in the optical field can be in principle
detected deterministically with a sufficiently sensitive measurement. Quantum noise limits imprecision of estimating
observables such as the phase of the an optical field. For example the imprecision in phase of coherent states is given by
the standard quantum limit (SQL) ∆φ ≈ 1/√n, where n is the average number of photons in the field [50]. Therefore,
to determine whether a device has sufficiently changed the state of the field to encode a bit, we need to consider how
an initial coherent state |α〉 with fixed optical energy (here we take n = |α0|2 = 1) is modified by the device and
use the quantum detection theory [51] to calculate the probability of error Pe in distinguishing resulting states |Ψk〉.
Note that this error rate is absolutely the lowest that can be achieved given with any possible receiver. Since our
optomechanical device is an open quantum system [36] where the field leaks out into a waveguide, we consider the
output states to be in the Hilbert state of the all of the waveguide states, which is generated by an operator that is a
superposition of the time-dependent output operators with a time-domain waveform that corresponds to the classical
solution,
Aˆ ≡
∫ ∞
0
dtf∗(t)aout(t). (B5)
Here f(t) =
√
κ exp (−κt/2− ih sin(ωmt+ φ)), and aout(t) is the annihilation operator for each time bin that obeys
[aout(t), aout(t
′)] = 0 and [aout(t), a
†
out(t
′)] = δ(t− t′). It is straightforward to verify that Aˆ is a properly normalized
bosonic operator such that [Aˆ, Aˆ] = 0 and [Aˆ, Aˆ†] = 1. Note that the information is encoded in Aˆ via the phase factor
φ in f(t). From now on we explicitly denote the resulting operator with suffix as Aˆφ, where φ = 0 or φ = pi. The
commutation relations between operators with different values of φ are now [Aˆφ, Aˆφ′ ] = 0 and
[Aˆφ, Aˆ
†
φ′ ] =
∫ ∞
0
f∗φ(t)fφ′(t)dt =
∫ ∞
0
dtκe−κteih[sin(ωmt+φ)−sin(ωmt+φ
′)]. (B6)
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For an initial coherent state |α0〉 in the cavity, the output state is given by the coherent state generated by the
operator Aφ,
|Ψφ〉 = e−|α0|2/2eα0Aˆ
†
φ |0〉 . (B7)
We use |0〉 to represent the vacuum state in the continuous time domain.
A criterion is required to determine whether a bit of information is successfully encoded or not. It is naturally related
to how separate are the two output state |Ψ0〉 and |Ψpi〉, and how well we could distinguish them by measurement
which can be characterized by an error possibility Pe of misidentifying the state. The error possibility is bounded
below by the Helstrom-Holevo lower bound [36]. For distinguishing two pure states with equal prior probability, the
Helstrom-Holevo lower bound is given by
Pe =
1
2
(
1−√1− F
)
, (B8)
where F ≡ | 〈Ψ0|Ψpi〉 |2 is the fidelity between the two encoded states,
F =
∣∣∣e−|α0|2 〈0| eα∗0Aˆ0eα0Aˆpi |0〉∣∣∣2
=
∣∣∣exp [−|α0|2(1− [Aˆ0, Aˆ†pi])]∣∣∣2 . (B9)
Intuitively, Pe = 0 for two orthogonal state with F = 0 and Pe = 1/2 for two identical state with F = 1. A low fidelity
between the two states is desired for them to be more separable. For F  1, Pe ≈ F/4. In addition, when a larger
coherent state α0 is used, the more separate the two states are for fixed nphon and h. It is important to consider the
optical field used for the encoding, since a stronger field makes it easier to measure a smaller change in its properties,
reducing the energy required to modify the optical material that is used for imposing the change.
a. Slow limit: ωm  κ
Before we proceed with numerical calculation, it is instructive to look at the quasi-static or the slow-limit where
ωm  κ. In this situation, the difference between operators Aˆ0 and Aˆpi is approximately a phase shift ∆φ = ±ihωmt.
The commutator and the fidelity are simplified to
[Aˆ0, Aˆ
†
pi] =
∫ ∞
0
dtκe−κte2ih sinωmt ≈ κ
κ− 2ihωm , (B10)
F ≈ exp
(
−2|α0|2 h
2ω2m
h2ω2m + (κ/2)
2
)
= exp
(
−2|α0|2 g
2
0nphon
g20nphon + (κ/2)
2
)
. (B11)
As a result, the fidelity is limited by Fmin = exp(−2|α0|2) and the characteristic modulation index for achieving a low
fidelity and a low error probability occurs at g0
√
nphon = κ/2. The corresponding F ≈ exp(−|α0|2), nphon = κ2/(4g20)
and
Ebit,slow =
~ωmnphon
ηm
= ~ωm
κ2
4g20
1
ηm
, (B12)
which is identical to Eq. B2. For an initial coherent state with an average photon number |α0|2 = 1, we calculate the
fidelity F = 1/e and the error probability Pe = 10.25%.
b. Fast limit: ωm  κ
Now we consider the fast-limit where ωm  κ. By expanding the sinusoidal phase modulation into sidebands, the
commutator and the fidelity are approximated by
[Aˆ0, Aˆ
†
pi] =
∫ ∞
0
dtκe−κt
∑
n
Jn(2h)e
inωmt =
∑
n
Jn(2h)
κ
κ− inωm ≈ J0(2h), (B13)
F ≈ exp (−2|α0|2(1− J0(2h))) . (B14)
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Jn is the Bessel function of the first kind. The minimal fidelity and minimal error probability are achieved at the first
minimal of J0(2h) ≈ −0.4, where 2h ≈ 3.832. Comparing to the slow-limit situation, the fast-limit fidelity is much
lower at this optimal modulation index. To have a better comparison among the slow-limit, fast-limit and the general
situation, we look for the modulation index where J0(2h) ∼ 1/2 instead of the optimal modulation index, which gives a
fidelity F ≈ exp(−|α0|2), similar to the slow-limit fidelity. The corresponding h ≈ 0.76, nphon = h2ω2m/g20 ≈ ω2m/(2g20)
and
Ebit,fast =
~ωmnphon
ηm
= ~ωm
ω2m
2g20
1
ηm
. (B15)
c. Numerical calculation for the general situation
In the general case, we assume that the best measurement is adopted to achieve the Helstrom-Holevo lower bound
and we look at the modulation index h or equivalently the intracavity phonon number nphon that is required to reach
a given error rate. We evaluate Eq. B9 and Eq. B6 numerically for different ratio between ωm and κ, and we search
for the nphon required to reach Pe = 10% for an initial coherent state with an average photon number |α0|2 = 1.
10 -2 10 -1 10 0 10 1 10 2
/ m
10 4
10 6
10 8
10 10
10 12
n p
ho
no
n
Helstrom-Holevo bound
slow limit: ( /g0 )
2/4
fast limit: ( m/g0 )
2/2
FIG. 5. Number of intracavity phonons required to achieve an error probability Pe = 10% for distinguishing between two
encoded states with an initial coherent state which has an average photon number |α0|2 = 1 in the optical cavity. Blue line is
the numerical calculation from Helstrom-Holevo bound. Red (yellow) line is the approximated result in the slow (fast) limit
where ωm  κ (ωm  κ).
We show the calculated nphon in Fig. 5 for fixed g0 and ωm, and varying κ by four orders of magnitude. We
adopt g0/ωm = 5 × 10−5 for the calculation, which closely represents the device demonstrated in this work. We
clearly observe that nphon given by the Helstrom-Holevo bound is well approximated by the slow and fast limit in
the corresponding regimes. Interestingly, for a sideband-unresolved piezo-optomechanical transducer device with a
given mechanical mode frequency ωm and an optomechanical coupling g0, decreasing the optical linewidth lowers the
energy per bit until κ ∼ ωm. Further increasing the optical quality factor no longer helps for reducing the energy
consumption.
2. Energy consumption in quantum frequency conversion
In the case of quantum transduction, an unity internal conversion efficiency is desired. For low microwave-
to-mechanical conversion efficiency, best internal conversion is achieved at optomechanical cooperativity C ≡
4g20nc/(κγ) = 1. The non-zero optical cavity internal decay rate κi leads to a power dissipation
Pdiss = ~ωcncκi. (B16)
13
X
1
2
3
Fr
eq
ue
nc
y 
(G
H
z)
X
1
2
3
X
1
2
3
X
1
2
3
Waveguide OMC mirror
FIG. 6. Evolution of mechanical bands of the linear taper from the simple waveguide to the OMC mirror cell. Sub-figures from
left to right correspond to band structures of the first taper unitcell with minor geometric change (left), the OMC mirror cell
band structure (right) and two intermediate unitcells between the waveguide and the OMC mirror cell geometry. The bands
are classified by semi-y-symmetric (blue), semi-y-asymmetric (red) and mixed (green). Horizontal dashed lines represent the
OMC breathing mode frequency. Black arrows indicate the first-order longitudinal motion band.
The conversion rate is limited by the mechanical-to-microwave decay rate γµ, leading to the energy-per-qubit
Pdiss
γµ
=
~ωcκκi
4g20ηm
. (B17)
However, the converted photon only successfully leaves the converter at efficiency ηo ≡ κe/κ, adding another factor
to the actual energy-per-qubit,
Equbit = ~ωc
κκi
4g20
1
ηmηo
. (B18)
Appendix C: Mode decomposition of the IDT and the OMC leakage in the mechanical waveguide
We showed the simulated IDT and OMC modes in the mechanical waveguide region in the main text. Here we
further perform mode decomposition of the leakage mode to the guided modes of the mechanical waveguide [33]. The
resulting fractional powers in different waveguide modes are listed in Table II. The OMC leakage motion is decomposed
after the curved waveguide.
We list seven most relevant waveguide modes in the table, including the first-order longitudinal (L1), first-order
horizontal-shear (SH1), second-order Lamb (A2), fundamental horizontal-shear (SH0), first-order Lamb (A1), funda-
mental Lamb (A0) and fundamental longitudinal (L0). The higher order modes have one or more nodes along the
in-plane transverse direction, because the waveguide width is much larger than the thickness.
Intuitively, the mechanical modes supported by the OMC mirror cell near the local breathing mode frequency
are mostly asymmetric along the nanobeam symmetry plane. When the crystal mirror symmetry plane is aligned
to the OMC mirror symmetry plane, the mirror cell modes near the OMC breathing mode frequency are strictly
asymmetric [27]. As a result, the OMC mechanical leakage mostly enters the asymmetric waveguide modes such as
L1 and SH1. The L1 mode has the smallest wave-vector, making it more strongly coupled to the Gamma-point OMC
breathing mode. This is further illustrated in Fig. 6, where the evolution of the mechanical band structure from the
waveguide geometry to the OMC mirror cell geometry is shown as four snapshots. There is no crystal symmetry along
the geometric y-symmetry plane, but we could still classify the modes as semi-symmetric (blue), semi-asymmetric
(red) or mixed (green) by evaluating proper overlap integrals. We observe that the L1 band always covers the OMC
breathing mode frequency, indicated by the horizontal dashed lines and the black arrows.
In the IDT simulation, a material loss tangent that corresponds to a quality factor Qi = 800 is added to roughly
match the simulated and measured peak conductance. We further define the IDT efficiency η in terms of the fractional
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TABLE II. Mode decomposition of the IDT and OMC leakage mode to the mechanical waveguide modes. Numbers in percentage
are the fractional power in corresponding modes.
Waveguide modes OMC→WG IDT→WG IDT η Tbµ
L1 64.1% 74.6% 0.6% 0.19%
SH1 28.0% < 0.01% 0 0
A2 5.4% 4.37% 0.04% 0.013%
SH0 2.0% < 0.01% 0 0
A1 0.1% 17.9% 0.14% 0.044%
A0 0.2% 0.4% < 0.01% 0
L0 < 0.1% 2.7% 0.02% 0.006%
power in different waveguide modes over the total power dissipated in the IDT, including material loss and clamping
loss. We list the simulated IDT η in Table. II and deduce that 99.2% of the total absorbed microwave power is
dissipated in material loss and clamping. The material loss can be drastically eliminated by going to cryogenic
temperature, while the clamping loss can be minimized by deploying phononic shield [52, 53]. In the actual device,
31.6% of the incident microwave power is absorbed by the transducer, from which we calculate the microwave-to-
waveguide-mode scattering parameter Tbµ. This is the ratio between the outgoing mechanical power in waveguide
modes and the incident microwave power.
The measured microwave-to-mechanical conversion efficiency ηm ≡ γµ/γ could be higher than the maximal Tbµ in
the table. The OMC mechanical mode is coupled to multiple waveguide modes, and the standing wave resonances of
the mechanical waveguide modify the overall response of the IDT-waveguide-OMC system.
Appendix D: Optomechanical backaction measurement
Here we show the optomechanical backaction measurement of the optomechanical coupling g0 and the mechanical
linewidth γ.
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FIG. 7. Optomechanical backaction measurements and fit.
Figure 7 shows the extracted mechanical linewidth versus intracavity photon number with blue detuned pump
laser at ∆ = −ωm. Blue curve is a linear fit, giving an intrinsic mechanical linewidth of γ/2pi = 1.93 MHz and an
optomechanical coupling rate g0/2pi = 70 kHz.
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FIG. 8. Optical sideband response. Blue dots: measured phase response. Red curve: fit.
Appendix E: Extracting pump detuning and optical cavity decay rates
We use the optical sideband response (optical to optical scattering parameter) of the device to extract the cavity-
laser detuning ∆ and the optical cavity decay rates κ and κe. Figure 8 shows a typical phase response of the
optical-to-optical S parameter. A fit curve based on the linearized optomechanical response theory is also shown as
the red curve.
For this specific measurement, we extract a detuning ∆/2pi = −3.698 GHz, κ/2pi = 1203 MHz and κe/2pi =
781 MHz. A significant phase response is the signature of an over-coupled optical mode where κe > κ/2. A clear
deviation from the measurement is observed if the fit curve is forced to have κe < κ/2.
Appendix F: Extracting the acousto-optic modulation index and Vpi
In this section we derive the optical cavity spectrum under acousto-optic modulation and show typical fit results
for extracting the acousto-optic modulation index h.
When the optical cavity’s resonant frequency ωc is being modulated, in the frame where the cavity frequency is
fixed, the laser input is phase-modulated by the same strength and splits into sidebands with relative amplitudes
given by Bessel functions of the first kind. We expect the output spectrum to be a convolution between the phase
modulation combs and the Lorentzian cavity response. We derive the rigorous output spectrum in the following.
We start with the classical equation of motion for the optical field amplitude in the rotating frame of the laser,
α˙ = −(i∆ + κ
2
)α− ig0√nphon cos(ωµt)α−√κeαin, (F1)
where g0 is the zero-point optomechanical coupling rate and nphon is the intracavity phonon number from the mi-
crowave drive at frequency ωµ. We use the following substitution to eliminate the time-dependent term on the right
hand side:
α→ α′ exp[−ih sin(ωµt)]. (F2)
We have introduced the acousto-optic modulation index h ≡ g0√nphon/ωµ. After the substitution, the equation for
α′ is
α˙′ = −(i∆ + κ
2
)α′ −√κeαin exp(ih sinωµt) (F3)
= −(i∆ + κ
2
)α′ −√κeαin
∑
n
Jn(h)e
inωµt, (F4)
where Jn(h) are Bessel functions of the first kind. By separating α
′ further into sidebands α′ =
∑
n α
′
n exp(inωµt),
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α′n is time-independent and is given by
α′n =
−√κeαinJn(h)
i(∆ + nωµ) + κ/2
. (F5)
The output optical field is
αout = αin +
√
κe exp(−ih sinωµt)
∑
n
α′ne
inωµt (F6)
= αin exp(−ih sinωµt) ·(∑
n
Jn(h)e
inωµt − κe
∑
n
Jn(h)e
inωµt
i(∆ + nωµ) + κ/2
)
. (F7)
The slow photodetector used for the measurement selects the direct-current component of |αout|2. As a result, the
normalized reflection is a weighted sum of Lorentzians
R ≡
〈∣∣∣∣αoutαin
∣∣∣∣2
〉
=
〈∣∣∣∣∣∑
n
Jn(h)e
inωµt
(
1− κe
i(∆ + nωµ) + κ/2
)∣∣∣∣∣
2〉
=
∑
n
Jn(h)
2
∣∣∣∣1− κei(∆ + nωµ) + κ/2
∣∣∣∣2 (F8)
We use Eq. F8 to fit the measured reflection spectrum and extract the acousto-optic modulation index h for different
microwave drive powers and frequencies as shown in the main text. We observed acousto-optic sidebands up to h ∼ 9,
hence the sum for n is truncated at ±20, far enough comparing to the optical linewidth. The only fit parameters are
h and a frequency shift and scaling for compensating the difference between the laser wavelength readout and the
microwave frequency. Scaling the frequency axis does not affect the unitless parameter h.
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FIG. 9. Normalized optical reflection spectrum with acousto-optic modulation and corresponding fit curves.
Figure 9 shows two typical reflection measurements and corresponding fit curves with h = 1.747 and h = 4.812
(shifted up by 0.5) respectively. Good fitting results are observed up to h ∼ 8. For h > 8, the spectrum spreads out
for a wide range of frequency, resulting in smaller reflection dips that are hard to be captured by the fit without a
good initial guess.
The measured acousto-optic modulation index h gives us a relation between the OM coupling g0 and the microwave-
mechanical external coupling rate γµ. From standard input-output theory, the intracavity phonon number from input
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FIG. 10. Wide range data for IDT S11 and microwave-to-optical S parameter.
microwave photon flux N˙in,µ = Pµ/(~ωµ) is
nphon =
γµN˙in,µ
(ωm − ωµ)2 + (γ/2)2 . (F9)
When ωµ = ωm, the above expression is simplified to nphon = 4γµN˙in,µ/γ
2. Combining with the definition of
modulation index h, we have
γµ =
h2ω2µγ
2
4g20N˙in,µ
. (F10)
Underestimation of g0 and overestimation of h and γ could lead to a larger γµ.
Since the extra phase variation of the cavity is given by φ(t) = h sin(ωµt), it is natural to define the voltage required
to obtain a pi phase shift as when hpi,PM ≡ g0√nphon/ωµ = pi is achieved. The microwave voltage is implicitly included
via the microwave power Pµ in nphon. Such a voltage is given by
Vpi,PM =
hpi,PM
√
2PµZ0
h
, (F11)
where Pµ is the microwave power used to achieve the measured h. Z0 = 50Ω is the impedance of the microwave
transmission line.
We measured a maximal h = 3.518 with Pµ = 7.24 µW. The deduced phase-modulation Vpi,PM is 24.0 mV.
Appendix G: Wide range IDT response and microwave-to-optical conversion measurement
We show the wide frequency range IDT S11 response in Fig. 10. The IDT response is measured with identical
setup as described in Ref. [33]. A typical microwave-to-optical Soe parameter from 100 kHz to 9 GHz is also shown
in Fig. 10. The Soe parameter is shifted according to the calibrated peak efficiency.
Appendix H: Microwave-to-optical conversion efficiency calibration
The microwave-to-optical conversion efficiency is defined as
ηoe ≡ N˙out,o
N˙in,µ
, (H1)
where N˙out,o is the output optical sideband photon flux after the photons enter the lensed fiber, and N˙in,µ is the
input microwave photon flux before the IDT. ηoe is the total efficiency including the IDT mismatch and transduction
efficiency, and the fiber-to-chip optical coupling efficiency ηoc ∼ 65%.
N˙in,µ is given by
N˙in,µ = ηcablePin,µ/(~ωµ), (H2)
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where ηcable = 57.5% is the microwave cable loss and Pin,µ is the VNA output power.
N˙out,o is calibrated using the method introduced in Ref. [40] and also briefly described here. After each measurement,
the pump laser is detuned from the optical cavity, and a second laser with optical power Pcal,o ∼ 150 nW  Pin is
tuned to ∼ ωm away from the pump laser without changing any other settings in the measurement setup. The beat
tone between the pump laser and the calibration laser is measured by the highspeed detector and the RSA. The pump
laser power Pin is then fully attenuated to  1 nW, and the calibration laser power Pcal,o is measured by a sensitive
power meter (PM).
By integrating the microwave power of the beat tone Pcal,µ on the RSA and measure the optical insertion loss
ηout = 63.6% from the lensed fiber to the power meter, we get the optical detection gain
G ≡ Pcal,µ
Pcal,o/ηout
, (H3)
which is between the optical power at the lensed fiber output and the microwave power at the RSA.
We measure the converted optical sideband using the highspeed detector and the RSA with VNA output frequency
fixed at the peak conversion frequency. The measured microwave power Pout,µ on RSA is then converted to optical
sideband power Pout,o at the lens fiber output using the calibrated detection gain G. The converted sideband photon
flux is then calculated by
N˙out,o =
Pout,o
~ωc
=
Pout,µ
G~ωc
. (H4)
Appendix I: Optical-to-microwave conversion efficiency calibration
The optical-to-microwave conversion efficiency is defined similar to Eq. H1 as
ηeo ≡ N˙out,µ
N˙in,o
. (I1)
N˙in,o is the input optical sideband photon flux before the lensed fiber and N˙out,µ is the converted microwave photon
flux at the IDT output.
Given the measured S21 parameter on the VNA and the VNA output power to EOM PEOM,µ, we calculate the
output microwave flux from the device
N˙out,µ =
PEOM,µ|S21|2
ηcable~ωµ
. (I2)
To calibrate the input optical sideband flux, we use a 1% beamsplitter at the EOM output and a fiber Fabry-Pe´rot
tunable filter (FFP-TF, Micron Optics), and scan the FFP-TF to pickup the pump and sidebands separately. The
filter output is detected by a Newport Nanosecond Photodetector, amplified and recorded.
A typical filter scan result is shown in Fig. 11. Higher filter setpoint voltage corresponds to longer filter pass
wavelength. Two sidebands generated by the EOM are clearly visible with good signal-to-noise ratio. The small
peak near the pump corresponds to a filter Fabry-Pe´rot cavity mode with a different polarization and is nearly fully
suppressed. The sideband ratio r ≡ Psb/Ppump is measured from the ratio between the peak voltages of the relevant
sideband and the pump, respectively. The dark voltage is subtracted before taking the ratio. Using 8 dBm VNA
output microwave power to the EOM, we measure r = (1.41 ± 0.08)%. The filter scan is taken for every different
optical-to-microwave conversion measurement. Combining the sideband ratio and the measured input pump power
Pin,p before the lensed fiber, the input sideband photon flux is
N˙in,o =
Pin,sb
~ωc
=
Pin,pr
~ωc
. (I3)
Appendix J: Optical-to-microwave conversion measurement with low optical pump power
Due to a much lower energy per photon at the microwave frequency, the optical-to-microwave conversion is difficult
to measure with VNA at low optical pump power. We adopt a different setup, using a microwave signal generator
(SG) for the optical sideband generation and the RSA for detection of the converted microwave signal (Fig. 12(a)).
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FIG. 11. A typical filter scan. Left inset: zoomed-in plot of the pump. Right inset: zoomed-in plot of the lower frequency
sideband.
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FIG. 12. Low pump power optical-to-microwave conversion measurement. (a) Measurement setup. (b) A typical power spectral
density (PSD) of the converted microwave signal. The RSA background and the crosstalk are also shown for comparison. The
crosstalk is measured with SG on and zero input optical power. The EMI shielding reduced the crosstalk by more than 30 dB.
The shaded region shows the frequency range used for integrating the total microwave power. (c) Converted microwave power
versus microwave frequency, from which a peak conversion efficiency ηeo = 1.09× 10−5 is extracted.
The maximal output power of the SG is Pmax = 25 dBm and is much higher than the maximal output power of the
VNA, bringing the optical sideband ratio r, defined as the ratio between the sideband optical power and the pump
power, from ∼ 1% to ∼ 8%. To access the optical sideband response for detuning locking, we keep the VNA-based
optical intput and output measurement and use a power splitter (PS, Mini-Circuits ZFRSC-123-S+, insertion loss
∼ 10 dB) to combine the signal from the VNA and the SG.
To detect the optical-to-microwave conversion with the maximal measured efficiency of ∼ 10−5 with red-detuned
pump Ppump ∼ 3 µW, we need the microwave crosstalk level to be lower than the estimated converted microwave signal
power Pµ ∼ 2× 10−17 W ∼ −136 dBm. Meanwhile, we measure an RSA internal noise floor level of ∼ −155 dBm/Hz
and a microwave crosstalk Pc = 3.8 × 10−16 W ∼ −124 dBm with 25 dBm output from the SG to the EOM. The
microwave crosstalk is determined to be mostly between the EOM and the on-chip electrodes and the RF probe that
is in-touch with the electrodes. The crosstalk is not significant but is still much higher than the signal (Fig. 12(b)).
To suppress the crosstalk, we utilize an electromagnetic interference (EMI) shielding that encloses all microwave
instruments except the RSA. The EMI shielding brings the crosstalk level down to comparable or lower than the RSA
noise floor (Fig. 12(b)).
We use a span of 50 Hz, a resolution bandwidth of fbw = 1 Hz and 10 averages on the RSA, corresponding to a noise
floor of ∼ −155 dBm/Hz and a sweep time of 50 sec for a single trace of power spectrum. The SG frequency and RSA
center frequency fµ are then swept simultaneously across 2 MHz around the peak conversion frequency. The power
spectrum of the converted microwave signal is recorded at every frequency. The cavity-laser detuning ∆ is verified
and corrected before taking the next frequency point by the VNA optical sideband sweep. The total converted power
is calculated by integrating the power spectral density within fµ ± 2fbw (Fig. 12(b)).
The peak conversion efficiency is calibrated similar to the method introduced in Sec. I. The optical sideband ratio
r = (7.5 ± 0.2)% is measured by the FFP-TF, and the converted microwave photon flux is calculated from the
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integrated converted microwave power. We have taken into account the non-negligible power in the first blue and
red sidebands and neglected higher order sidebands when calculating the sideband photon flux from the total optical
power. nc is also calculated using the pump power when the modulation is active, which is ∼ 13% smaller than the
total optical power.
Appendix K: Thermally induced mechanical red shift
During the conversion measurement with the measurement setup shown in the main text, the thermal mechanical
noise spectrum is recorded at the same time with the RSA. A clear red shift of the OMC mechanical mode is observed
and is shown in Fig. 13. Power spectral density (PSD) curves with different intracavity photon numbers at detuning
∆ = −ωm is plotted with different colors in linear scale. The extracted peak frequencies are shown on the right
plot (blue). The expected optical stiffening from optomechanical backaction is also calculated for comparison (red)
and is a minor effect comparing to the measured red shift. We attribute the red shift to thermal effect, where the
thermal expansion caused by a higher temperature would increase device size and decrease the density, and lead to a
lower mechanical mode frequency. The localized breathing mode and the mechanical waveguide modes have different
overlaps with the heat profile generated by the optical mode and shift at different rates.
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FIG. 13. Thermally induced mechanical frequency shift.
As a result, the OMC breathing mode not only slowly approaches the IDT center frequency, but also shifts faster and
could go pass mechanical waveguide modes. We notice an asymmetric lineshape of the low power thermal mechanical
PSD at low pump power as shown in Fig. 2(c) of the main text, where a waveguide mechanical mode frequency
is almost overlapping with the OMC breathing mode but is at a slightly lower frequency. In Fig. 13, the OMC
breathing mode shifts across the same waveguide mode for increasing intracavity photon number from nc ∼ 2 × 104
to nc ∼ 4× 104. The perfect overlap between the OMC breathing mode and a mechanical waveguide mode enhances
the microwave-to-mechanical conversion efficiency and the total efficiency, which is clearly visible in Fig. 4(a) of the
main text between 2× 104 < nc < 4× 104.
